Rapid Detection of Nucleophosmin (NPM1) Mutations in Acute Myeloid Leukemia by Denaturing HPLC,
Emanuele Ammatuna, 1 Nèlida Inès Noguera, 1 Daniela Zangrilli, 1 Paola Curzi, 1 Paola Panetta, 1 Paola Bencivenga, 2 Sergio Amadori, 1 Giorgio Federici, 2, 3, 4 Nucleophosmin (NPM1) is a multifunctional, highly conserved protein found most frequently in nucleoli. NPM1 acts as a molecular chaperone (1 ) and is thought to participate in preribosome maturation and centrosome duplication (2 ); in addition, it has been implicated in the regulation of the ArF-p53 tumor suppressor pathway (3, 4 ) .
NPM1 mutations have recently been reported to occur at high frequency in acute myeloid leukemia (AML), for which they currently represent the most common detectable genetic lesion (ϳ35% of cases). This abnormality is strongly associated with normal-karyotype AML and has never been detected in AMLs bearing major cytogenetic abnormalities. It has not been observed in other hematopoietic tumors (5 ) . Two main types of mutations have been described to date. The first and most frequent consists of a 4-nucleotide (nt) insertion (YWTG; YUPAC code) downstream from nucleotide 959; the second is deletion of a GGAGG sequence at positions 965 through 969 and substitution with 9 extra nt (GenBank accession no. NM_002520). Both mutations lead to aberrant cytoplasmic localization of NPM1 as shown after immunostaining with anti-NPM1 monoclonal antibodies. In addition to their high frequency and clustering with normal karyotype, NPM1 mutations may identify a subset of AMLs with distinct response to therapy (5 ) . Together, these findings may have repercussions in AML classification and suggest that analysis of NPM1 mutational status should integrate modern genetic characterization of AML. We describe here a rapid and reproducible method for screening NPM1 mutations by reverse transcription-PCR followed by denaturing HPLC (DHPLC).
Bone marrow samples showing at least 70% bone marrow infiltration by leukemic cells were collected at diagnosis from 56 patients with newly diagnosed AML observed at the Department of Biopathology at the University Tor Vergata (Rome). According to the FrenchAmerican-British classification (6, 7 ) , the following subtypes were included in the study population: 6 M0, 9 M1, 14 M2, 15 M4, 6 M5a, 4 M5b, and 2 M6. Fifty-three of 56 patients were evaluable for karyotype. Of these, 10 patients had favorable karyotypes [5 normal karyotype (6 ϩ 8), and 4 cases with other intermediate lesions], and 13 patients had unfavorable karyotypes (7 with deletion of chromosomes 5 and/or 7, and 6 cases with complex karyotypes).
Written informed consent was obtained from all patients. Total RNA was extracted from Ficoll-Hypaqueisolated leukemic blasts by the method of Chomczynski and Sacchi (8 ) . RNA (1 g) was reverse-transcribed to cDNA by use of random examer primers as described previously in the BIOMED-1 Concerted Action protocol (9 ) . cDNA (2 L) was amplified in a total volume of 50 L. The reaction mixture contained 2.0 mM MgCl 2 , 200 M of each deoxynucleotide triphosphate, 1ϫ PCR buffer, 1.5 U of Taq-Gold DNA polymerase (Perkin-Elmer Cetus), and 10 pmol each of the forward (5Ј-CTCTTCCCAAAGT-GGAAGGCAAA-3Ј) and reverse (5Ј-ACCATTTCCAT-GTCTGAGCACC-3Ј) primers. A G-to-C mutation was introduced in the reverse primer to reduce amplification of NPM1 pseudogenes. After the mixture was preheated at 94°C for 7 min, it was subjected to 30 cycles of 45 s at 55°C, 30 s at 72°C, and 30 s at 94°C. A final extension of 5 min was carried out at 72°C on a GeneAmp PCR System 2400 (Perkin-Elmer). DHPLC was carried out on a WAVE DNA fragment analysis system (Transgenomic TM ) equipped with a DNASep ® column (Transgenomic). DNA was eluted from the column by a linear acetonitrile gradient in 0.1 mol/L triethylamine acetate buffer (TEAA; Transgenomic) at a constant flow rate. The reversedphase gradient was formed by mixing buffer A (0.1 mol/L TEAA, pH 7.0) and buffer B (250 mL/L acetonitrile in 0.1 mol/L TEAA, pH 7.0). Oven temperature for optimum separation of heteroduplex molecules was deduced from the Transgenomic software (Navigator TM software, Ver. 1.6.0). For detection of NPM1, 8 L of PCR product was loaded in partially denaturing conditions (55.3°C), and eluted DNA was detected by the absorbance at 260 nm. Samples were amplified with the NPM1_25F/NPM1_ 1112R primer pair (5 ) . PCR products, purified by standard methods, were sequenced from both strands with NPM1 Dir3 or NPM1 Rev3 internal primers on a CEQ 8000 Genetic Analysis system (Beckman Coulter). The primer sequences are shown in Table 1 .
The study recently reported by Falini et al. (5 ) showed that NPM1, already described to be involved in rearrangements in leukemia (10 ) and lymphomas (11 ) , is mutated in the leukemic cells of ϳ35% of primary adult AML. This finding was based on direct sequence analysis of leukemic DNA derived from patients with aberrant dislocation of the NPM1 protein as revealed by immunohistochemistry. In this study we established a DHPLC-based assay to routinely detect NPM1 mutations in AML and suggest its inclusion in the genetic diagnostic work-up of this disease. With the melting temperature predicted by the Navigator software, we were able to distinguish heteroduplex from homoduplex peaks. The chromatogram from each tested sample was overlaid with the wild-type profile, and samples with an extra peak were scored as mutated: the first peak corresponding to the heteroduplex was detected at 4.3 min, and the second, corresponding to the homoduplex product, was detected at 5 min.
Eight of the 56 analyzed samples were scored as NPMmut and 48 as NPMwt. The NPM1 mutational status detected in 2 representative cases is shown in Fig. 1 . All NPMmut samples and 10 NPMwt samples were also analyzed by reverse transcription-PCR and direct sequencing, which confirmed in all cases the results obtained by DHPLC. The French-American-British subtypes of NPMmut cases were as follows: M0, 2 cases; M1, 1 case, M4, 2 cases, M5a, 1 case; M5b, 2 cases. With respect to cytogenetic characterization, 7 of the NMPmut patients had normal karyotypes, and 1 had deletion of both chromosomes 5q and 7q. As to the type of mutation detected, in 7 NPMmut cases we found the most frequently reported mutation type: a duplication of TCTG tetranucleotide at positions 956 -959 of the reference sequence (NM_002520). In the fifth case, nucleotides 965-969 (GGAGG) were substituted by the 9mer GCTT-TAGTC. In all mutated cases, the resulting frameshift led to a product 5 amino acids longer with the new Cterminal tail CFSQVSLRK, peculiar to the NPM1-mutated product. Because NPM1 mutations currently are the most frequently reported genetic aberration in AML and in light of their potential prognostic significance, we believe that inclusion of this DHPLC assay in diagnostic evaluations may improve genetic characterization of AML and allow assignment of patients to better-defined risk categories. Compared with immunohistochemical analysis to detect aberrant cytoplasmic NMP1 localization, this assay overcomes the need to obtain a bone marrow biopsy at the time of AML diagnosis, which is not an established procedure in the routine diagnostic work-up of acute leukemia. Moreover, the DHPLC approach is less timeconsuming and less expensive than direct NPM1 sequencing and could therefore represent a suitable technique for rapid screening of AML. 
